Lipoteichoic acid (LTA) is an important cell envelope component of Gram-positive bacteria. Bacillus subtilis has four homologous genes for LTA synthesis: ltaS (yflE), yfnI, yqgS and yvgJ. The products LtaS (YflE), YfnI and YqgS are bona fide LTA synthetases, whereas YvgJ functions only as an LTA primase. To clarify whether defects in LTA on the cell envelope trigger extracytoplasmic function (ECF) sigma factors, mRNA levels of the autoregulated ECF sigma factors in cells with singly and multiply deleted alleles of the ltaS homologues were examined by real-time RT-PCR. This revealed that sigM and sigX were induced in cells with a null allele of DltaS and DyfnI, respectively, and that no ECF sigma factor was induced in cells with a single null allele of DyqgS or DyvgJ. In cells with double null alleles (DltaS and DyfnI), sigW and ylaC were induced in addition to sigM and sigX. Cells with triple null alleles (DltaS DyfnI and DyqgS) showed a pattern of induction similar to that of the double null. In cells with quadruple null alleles, sigV and sigY were newly induced. Cells with DltaS had approximatley 1/4 the diglucosyldiacylglycerol and over 10 times the CDP-diacylglycerol of wild-type cells. Compensatory elevation of the mRNA level of other homologues was observed (in DltaS cells the level of yfnI was elevated; in DyfnI cells that of yqgS and yvgJ was elevated; both were even higher in DltaS DyfnI cells). In DltaS cells, the mRNA level of yfnI was corroborated to be regulated by s M , which is activated in the null mutant cells. In DyfnI cells, the mRNA levels of yqgS and yvgJ reverted to less than those of wild-type when a defective sigX allele was introduced. Since sigX was activated in cells with DyfnI, this suggests that the induction of yqgS and yvgJ is dependent on s X . The LTAs produced by the four ltaS homologues seem to play distinct physiological roles to maintain the full function of LTA on the B. subtilis cell envelope.
INTRODUCTION
Bacillus subtilis membranes contain many lipids including glucosylated diacylglycerols (GLs) and complex glycerophospholipids in addition to the glycerophospholipids found in Escherichia coli membranes (De Mendoza et al., 2002; Cronan, 2003) . Previous studies have outlined the lipid biosynthetic pathways in B. subtilis and have paved the way for an understanding of their physiological roles (Kobayashi et al., 2003; Nishibori et al., 2005; Matsumoto et al., 2006; Salzberg & Helmann, 2008; Matsumoto et al., 2012) (Fig. 1) . These studies have shown that all the genes responsible for the synthesis of major final lipid products, except pgsA, the gene for phosphatidylglycerophosphate synthase that is responsible for the committed step in phosphatidylglycerol (PG) synthesis, are dispensable. However, the exact role PG plays in B. subtilis cell growth has not yet been clarified. We therefore focused on the activity level of extracytoplasmic function (ECF) sigma factors, which respond to cell envelope stresses (Helmann, 2002) , to examine the stresses generated under reduced PG content. Seven and s Z ) direct transcription of genes involved in tasks such as maintenance of cell envelope integrity upon external stresses, such as high salt, ethanol, heat, acid, alkaline and superoxide stresses, inhibitors of peptidoglycan and wall teichoic acid biosynthesis, and these sigma factors are regulated directly by their respective cognate transmembrane anti-sigma factor(s), except s Z (Helmann, 2002; Yoshimura et al., 2004; Asai et al., 2005) . The sigma factors are often required for their own transcription; thus the expression of an ECF sigma factor promoter is often indicative of activity of the ECF sigma factor (Helmann, 2002) . In cells with reduced PG content, two sigma factors, s M and s V , are activated (Hashimoto et al., 2009) .
Lipoteichoic acid (LTA), a polymer of glycerol-1-phosphate attached to a glucosylated diacylglycerol, diglucosyldiacylglycerol (DGDG), by which it is anchored on the membrane, is the major cell envelope component of Grampositive bacteria (Kiriukhin et al., 2001; Neuhaus & Baddiley, 2003; Gründling & Schneewind, 2007a) . The glycerol-1-phospate moiety of PG is used as a substrate for the synthesis of the anionic polymer of LTA (Koch et al., 1984; Jerga et al., 2007) . The polymer of LTA, together with that of wall teichoic acid, makes up a polyanionic matrix that provides various essential functions on the cell envelope (Neuhaus & Baddiley, 2003) .
B. subtilis has four homologous genes, ltaS (yflE), yfnI, yqgS and yvgJ, for LTA synthase, known as LtaS (the product of ltaS) in Staphylococcus aureus (Gründling & Schneewind, 2007b; Schirner et al., 2009 ). Among them, the genes ltaS (yflE) and yfnI complement depleted ltaS of S. aureus and produce LTA, though yfnI restores growth only to a very limited extent; but neither yqgS or yvgJ complement (Gründling & Schneewind, 2007b) . LtaS (YfnE), YfnI and YqgS produce LTA polymers, whereas YvgJ functions as an LTA primase (Wörmann et al., 2011) . YfnI synthesizes longer polymers (61.6 in chain length) than LtaS (YflE) when it is absent, and YfnI may be a 'stress-responding' enzyme, as yfnI is s M -dependent, while LtaS (YflE) is believed to be a 'housekeeping' gene (Jervis et al., 2007; Schirner et al., 2009; Sutcliffe, 2011; Wörmann et al., 2011) . Cells with null ltaS have altered susceptibility to divalent cations and show shape malformations and impaired cell division. Growth of cells with the quadruple null mutation of the homologues is severely impaired, but cells remain viable (Schirner et al., 2009) . These phenotypes of mutant cells of ltaS homologues have prompted us to investigate ECF sigma factors in the mutant cells.
Here, we report on the induction of ECF sigma factors and the activation of undeleted alleles in cells with single and multiple null alleles of the homologues examined by realtime RT-PCR.
METHODS
Bacterial strains. B. subtilis strains used in this study are listed in Table 1 . Strains with a deletion mutation of ltaS (yflE) and yfnI were constructed by replacement with spectinomycin and tetracycline resistance gene cassettes, DltaS : : spc and DyfnI : : tet, respectively (Matsuoka et al., 2011b) .
Marker-free deletions of yqgS and yvgJ were constructed by using the method described by Morimoto et al. (2009) ; the terms fragment A, B, and C, also described below, derive from the scheme in the markerfree deletion method. Upstream and downstream sequences (fragments A and B) of yqgS (1914 bp) to be deleted were amplified as follows. Fragment A (559 bp), which is 67 bases upstream from yqgS, was amplified by PCR using KOD Plus Neo DNA polymerase (Toyobo) with the primer pair yqgSupA-F and yqgSdownAB-R (Table 2) . Fragment B (525 bp), 7 bases downstream from yqgS, was amplified by using the primer pair yqgSupB-F and yqgSBTXchpA-R. DNA fragments thus obtained were purified using 0.7 % agarose gel electrophoresis and a QIAEX II Gel extraction kit (Qiagen). The internal sequence fragment C (379 bp), 603 bases downstream from the first nucleotide of yqgS, was amplified by using the primer pair TXchpAyqgSCfra-F and yqgSdownC-R. Furthermore, the fragment of the MazF cassette, which includes spc R lacI Pspac-mazF, was amplified from the chromosomal DNA of TMO310 with the primer pair pAPNC-F and chpA-R. Fragments A and B were linked by recombinant PCR amplification to make fragment A-B. The three PCR products -fragment A-B, the MazF cassette and fragment Cwere purified as described above, and fused by the second step of recombinant PCR amplification. Then, 10 mg of the purified final recombinant DNA fragment after PCR amplification was used to transform competent wild-type B. subtilis cells prepared by the standard method (Anagnostopoulos & Crawford, 1961) . Transformants were selected on LB plates containing 100 mg spectinomycin ml 21 followed by evaluation of IPTG sensitivity. This transformant is referred to as MTA03 [yqgS : : MazF cassette (fragment B Pspac-mazF lacI spc)]. After spreading with an appropriate dilution of overnight cultures of MTA03 on LB plates containing 1 mM IPTG, the colonies in which the MazF cassette was excised by intra-molecular recombination at fragment B were obtained. The excision of the cassette was confirmed by spectinomycin-sensitive growth analysis and PCR with an outside primer pair yqgSoutF and yqgSoutR for confirmation (1000 bases upstream and downstream of yqgS, respectively) listed in Table 2 . This strain was designated SLD03 (DyqgS). Matsumoto et al., (2012) with highlighted pathways for LTA synthesis (Matsuoka et al., 2011b and Jerga et al., 2007) . The gene product catalysing each step is indicated. For LtaS homologues (LtaS, YfnI, YqgS and YvgJ) refer to Matsuoka et al. (2011b) ; Sutcliffe (2011); Wö rmann et al. (2011), and Schneewind (2007b) . PG, Phosphatidylglycerol; PE, phosphatidylethanolamine; CL, cardiolipin; lysylPG, lysylphosphatidylglycerol; PA, phosphatidic acid; CDP-DG, CDP-diacylglycerol; MGDG, monoglucosyldiacylglycerol; DGDG, diglucosyldiacylglycerol; TGDG, triglucosyldiacylglycerol; DG, diacylglycerol; LTA, lipoteichoic acid.
The marker-free deletion of yvgJ (1851 bp) was constructed by using the same method as above and the deletion was confirmed with the outside primer pair yvgJoutF and yvgJoutR (1100 bases upstream and 1070 bases downstream of yvgJ, respectively) listed in Table 2 . The constructed strain was designated SLD04 (DyvgJ).
Construction of strains with multiple null alleles was conducted as follows. To construct the strain with triple null alleles, MBS11 (DyfnI : : tet) was transformed with the yqgS : : MazF cassette (yqgS fragment B Pspac-mazF lacI spc) of MTA03 and the resultant transformant, MTA05, was then subjected to cultivation in the presence of IPTG to excise the MazF cassette to produce SLD05 (DyfnI : : tet DyqgS). This strain was then transformed with DltaS : : spc DNA from MBS12 (DltaS : : spc DyfnI : : tet) to construct the strain with triple null mutations SLD06 (DltaS : : spc DyfnI : : tet DyqgS). For brevity we denote the former two alleles as DltaS and DyfnI hereafter, and describe SLD06 as DltaS DyfnI DyqgS.
To construct the strain with quadruple null alleles, SLD05 (DyfnI DyqgS) was transformed with the yvgJ : : MazF cassette (yvgJ fragment Media, bacterial growth and b-galactosidase activity. LuriaBertani (LB) medium contained 1 % tryptone (Difco), 0.5 % yeast extract (Difco) and 1 % NaCl. Synthetic media CI and CII were used for competence development for transformation (Anagnostopoulos & Crawford, 1961) . When required, the following supplements were added to the media (l 21 ): 50 or 100 mg spectinomycin (Sigma), 0.5 mg erythromycin (Sigma), 15 mg neomycin (Wako), 5 mg chloramphenicol (Sigma) or 5 mg tetracycline (Sigma). IPTG (Sigma) was added at the indicated concentrations (1 or 2 mM) when required. Cells were grown at 37 uC, and the growth was monitored by measuring turbidity with a Klett-Summerson photoelectric colorimeter (no. 54 filter) or TAITEC photo metre, mini photo 518R (530 nm filter). For solid media, 1.5 % agar (Difco) was included. To determine the activity of each sigma factor, 1 ml aliquots of the culture were withdrawn, and the b-galactosidase activity in the cells was assayed as described previously (Wang & Doi, 1984) with minor modification (50 ml toluene was added to resuspended cells in place of ten drops of toluene). (57.2 mCi mmol 21 ; Amersham) for overnight cultivation of the cells in LB medium (5 ml) and 3 h in LB medium (5 ml). Lipids were extracted by the method of Bligh & Dyer (1959) and lipid fractions were subjected to 2D thin layer chromatography on silica gel (no. 60, Merck); the first dimension was with chloroform/methanol/water (65 : 25 : 4, by vol.) and the second was with chloroform/methanol/ acetic acid (65 : 25 : 10, by vol.) as described previously (Kawai et al., 2004) . Spots for [ Real-time RT-PCR. Cultures were grown as described above, and aliquots were removed from exponential phase cultures. RNA was extracted using an RNeasy Protect Bacteria Mini kit (Qiagen) and an RNase-free DNase set (Roche Applied Science) according to the manufacturer's recommendations. The DNase-treated RNA was reverse-transcribed using the SuperScript VILO cDNA Synthesis kit (Invitrogen) according to the manufacturer's recommendations. Real-time RT-PCR with SYBR Green I was performed using SYBR Premix EX Taq (perfect Real-time) (Takara) and Thunderbird Sybr qPCR Mix (Toyobo). Real-time RT-PCR was carried out according to the manufacturer's instructions, using the pairs of primers for the sigA, ltaS, yfnI, yqgS, yvgJ, sigM, sigV, sigZ, sigW, sigX, sigY and ylaC genes listed in Table 3 . The 10 ml reaction mix contained 16 SYBR Premix Ex Taq, 100 pM each primer and 1 ml template. The following temperature profile was used for amplification: denaturation for one cycle at 95 uC for 5 s, 60 uC for 20 s and 72 uC for 30 s with fluorescence acquisition at 63 uC for 1 s using a PTC-200 DNA Engine Option 2 system cycler (MJ Research). PCR cycling was followed by melting curve analysis at 72-95 uC with stepwise fluorescence acquisition. Each real-time PCR was performed in at least quintuplicate with the sigA gene as the internal standard. Table 2 . Primer pairs used for construction of marker-free deletion mutant strains A, B and C in the primer name correspond to the letters in the scheme of the method used to create marker-free deletions described by Morimoto et al. (2009) .
RESULTS AND DISCUSSION
is induced by inhibitors of peptidoglycan and wall teichoic acid biosynthesis, e.g. tunicamycin (Helmann, 2002) and serves to alter cell envelope properties to protect against cationic antimicrobial peptides (Cao & Helmann, 2004; Murray & Stanley-Wall, 2010) , and sigV is strongly and specifically induced in response to high salt, heat and lysozyme but not to other cell wall-damaging agents (Helmann, 2002; Ho et al., 2011; Guariglia-Oropeza & Helmann, 2011) . To clarify the physiological function of membrane lipids we examined the activities of ECF sigma factors by means of transcriptional fusion with their promoters and found that s M and s V are induced in cells with reduced PG content, which is brought about by removal of IPTG for 1 h from Pspac-pgsA cell culture (Fig.  2a-c) . Similar data in a time-course experiment after IPTG removal has already been shown (Hashimoto et al., 2009) . We then examined the activities of ECF sigma factors in cells lacking other major membrane lipids, GL and phosphatidylethanolamine (PE). In DugtP cells lacking GL, fusions with sigM showed a significant induction (Fig. 2d ) comparable with those described previously after addition of high concentrations of salt (Horsburgh & Moir, 1999) and vancomycin (Eiamphungporn & Helmann, 2008) , and consistent with analysis that indicates an increase of sigM transcription in GL-lacking cells (Salzberg & Helmann, 2008) . Induction of sigV in DugtP cells was very mild (Fig. 2e ) compared with that induced after lysozyme treatment (Guariglia-Oropeza & Helmann, 2011) . The induction of sigM and sigV in DugtP cells was briefly noted in our previous report but no data were presented (Matsuoka et al., 2011a) . sigX was only moderately induced (Fig. 2f ) and the others were not induced at all (data not shown). The activity levels of the fusions with sigM and sigV were roughly similar to the cases with reduced PG (Fig. 2a-c) , while the sigM activation in the GL-lacking cells was more prominent.
On the other hand, no ECF sigma factors were activated in the pssA cells lacking PE (Fig. 2g-i) . This adds another instance to the 'no phenotype' observations, indicating that PE-lacking cells do not suffer stress, although their membrane lipid composition must be significantly altered (Matsumoto et al., 1998) . The fact that no ECF sigma factor was activated in PE-lacking cells but that two ECF sigma factors, s M and s V , were activated in cells both with reduced PG and without GL (Fig. 2) , led us to surmise that some, likely the same, ECF sigma factors are activated in cells with defects in LTA, which is synthesized using PG as the substrate of the anionic polymer and DGDG, the most abundant GL, as the membrane anchor (Gründling & Schneewind, 2007a; Jerga et al., 2007) .
Elevated mRNA levels of ECF sigma factors in cells with defects in LTA synthesis B. subtilis has four homologues, ltaS, yfnI, yqgS and yvgJ, of S. aureus ltaS, the gene for the enzyme catalysing the synthesis of the glycerol-1-phosphate polymer anchored on The former two alleles were deletions replaced with a drugresistance gene and the latter were deletions without a drugresistance marker (Table 1) . For the sake of brevity, we denote the former two alleles as DltaS and DyfnI. In addition to mutants with a single null allele we further constructed strains with double, triple and quadruple null alleles (Table 1 ).
The growth rate of the single DltaS null mutant strain MBS10 (DltaS), but not MBS11 (DyfnI), SLD03 (DyqgS) and SLD04 (DyvgJ), was reduced (doubling time was approx. 35 min) during the exponential growth phase in LB medium (Fig. S1 , available with the online version of this paper); under this condition, the doubling time of the wild-type strain was 29 min. The growth rate of the double mutant MBS12 (DltaS DyfnI) was similar (doubling time approx. 41 min) to that of MBS10 (DltaS). That of the triple mutant SLD06 (DltaS DyfnI DyqgS) was much lower with an approx. 48 min doubling time (Fig. S1 ). This negative effect of the inactivation of yqgS during exponential growth suggests that YqgS is responsible for the synthesis of LTA in the exponential growth phase as well in cells with DltaS and DyfnI. Actually, transcriptional fusion of PyqgS-lacZ in the cells (strain YQGSd) with a wild-type background showed a maximal activity at late exponential growth phase of DSM culture (data not shown). This has also been reported in BSORF (http://bacillus.genome.jp). The quadruple mutant SLD08 (DltaS DyfnI DyqgS DyvgJ) showed similar reduced growth as the triple mutant. The growth rates of the mutant cells described here are essentially the same as those previously described for single and multiple null mutant cells in PAB medium by Schirner et al. (2009) . The quadruple and triple null mutants, but not the double mutant, had severe defects in cell division and separation; the cell filaments were tightly twisted around the long axis like coils (data not shown), as described for the quadruple null mutants by Schirner et al. The mRNA levels of the genes for seven ECF sigma factors in these mutants were determined by real-time RT-PCR to estimate the activation of sigma factors. In DltaS cells (MBS10) the level of sigM mRNA alone was increased, but those of the others were not, compared to wild-type (Fig.  3a) . On the other hand, the level of sigX mRNA alone was increased in DyfnI cells (MBS11) but those of the others were not (Fig. 3b) . In cells with a null allele of DyqgS or DyvgJ, no ECF sigma factor was induced at all (Fig. 3c, d ).
In cells (MBS12) with double null alleles (DltaS DyfnI), two additional ECF sigma factors, sigW and ylaC, were newly induced ( Fig. 3e ) in addition to sigM and sigX, which responded to DltaS and DyfnI, respectively. The increases in sigM and sigX mRNA in the double mutant were close to the increases in the respective single mutant cells (Fig. 3a , b). This suggests that the sigma factors are not activated simply by the reduction of LTA content as such, but that the specific products synthesized by LtaS and YfnI have different characteristics, so that their absence activates SigM and SigX separately. A further implication is that sigW and ylaC were newly activated by a synergic adverse effect of the two null mutations.
The SLD06 cells with triple null alleles (DltaS DyfnI DyqgS) showed a similar pattern of induction to that of the double null strain, though a small decline in the levels of sigM and sigX from that of the double null was observed (Fig. 3f) . In SLD08 cells with quadruple null alleles (DltaS DyfnI DyqgS DyvgJ), two further ECF sigma factors, sigV and sigY, were newly activated, presumably on account of a signal(s) responding to the increased disorder on the cell envelope caused by total lack of LTA.
An increase of ylaC mRNA (Fig. 3e-g ) in cells with double null alleles, and other multiple null alleles, was observed. The transcription from the internal promoter at ylaC, starting from the third codon of ylaC in the ylaABCD operon, is known to be inducible with oxidative stress, though the stresses that induce the whole ylaABCD operon and the roles of its constituent genes have not been elucidated Matsumoto et al., 2005; Ryu et al., 2006) . No increase in ylaA mRNA was observed in the multiple null allele cells (data not shown) as the transcription is dependent on YlaC Fig. 3 . Induction of ECF sigma factor activities in cells with defects in ltaS homologues. Strains used were wild-type B. subtilis 168 and its derivatives with a null allele of DltaS (MBS10) (a), DyfnI (MBS11) (b), DyqgS (SLD03) (c), DyvgJ (SLD04) (d), double null alleles (DltaS DyfnI) (MBS12) (e), triple null alleles (DltaS DyfnI DyqgS) (SLD06) (f) and quadruple null alleles (DltaS DyfnI DyqgS DyvgJ) (SLD08) (g). Cells were cultivated in LB medium to late exponential growth phase and total RNA was extracted and used for preparation of cDNA samples. The cDNA samples were then subjected to real-time RT-PCR analysis (see Methods) with the respective primer pairs for sigM, sigX, sigW, ylaC, sigV, sigY and sigZ, with the sigA primer pair as the internal control (the primer pairs are given in Table 3 ). Mean values±SD, obtained from eight PCR assays of two independent cDNA preparations, of the level of each sigma factor mRNA in null ltaS homologue mutant cells relative to those of wild-type 168 cells are presented. Each level of sigma factor mRNA normalized to that of sigA is shown in Table S1 . . No apparent change in the sigZ mRNA level was observed in any strain with null alleles (Fig.  3) ; this might suggest that none of these conditions is an inducer of sigZ.
Lipid composition of cells with defects in lipoteichoic acid synthesis
To see whether the induction of the ECF sigma factors in cells with defects in LTA synthesis might be caused by a reduction of certain lipid species (PG, GL or some others), the lipid composition of cells with defects in LTA synthesis was examined. Cells of strains with single and multiple mutations of ltaS homologues were cultivated in LB medium containing [1-
14
C]-labelled acetic acid. During late exponential growth the cells were collected and the extracted lipid fractions were subjected to 2D thin-layer chromatography and the radioactivity of each lipid spot was quantified (Table 4 ). The contents of the major phospholipids, PG, PE and lysylphosphatidylglycerol (LysylPG), and glucolipids in cells with single defect in LTA synthase strains, DyfnI (MBS11), DyqgS (SLD03) and DyvgJ (SLD04), were almost the same as in wild-type 168 cells. However, in strains with the DltaS allele, that is MBS10(DltaS), MBS12 (DltaS DyfnI), SLD06 (DltaS DyfnI DyqgS) and SLD08 (DltaS DyfnI DyqgS DyvgJ), CDP-diacylglycerol (CDP-DG) content was significantly increased (11.3-, 14.1-, 16.8-and 16.4-fold, respectively) over wild-type (0.7 %). By contrast, DGDG content was much reduced (0.22-, 0.28-, 0.22-and 0.22-fold, respectively) compared with the wild-type (7.2 %). This phenotype of significant increase in CDP-DG content and decrease in DGDG in DltaS strains has also been observed in strains with different genetic background (harbouring Pspac-dgkB) (Matsuoka et al., 2011b) . In the triple and quadruple null mutant cells, an increase in cardiolipin content (5.2-and 3-fold), with a concomitant small decrease in PG content, was observed. This may be ascribable to their impaired growth rate (see Fig. S1 ). An increase (3.2-fold) of phosphatidic acid (PA) content was also observed in cells of MBS10 with DltaS.
The increase in CDP-DG content may be caused by interruption of a drain for PG due to the lack of the major enzyme LtaS for LTA synthesis. The reason for the decrease in DGDG content is unclear. The activity of UgtP to produce DGDG, in cells with DltaS, may perhaps be diminished in concert with the lack of LtaS, though the diminished activity must then somehow be restricted to the process that produces DGDG. The induction of sigM in cells harbouring the DltaS allele might also have something to do with the reduced DGDG content (or the activity of UgtP), since sigM is induced in cells with disrupted ugtP (Fig. 2d) , which has been noted previously (Salzberg & Helmann, 2008; Matsuoka et al., 2011a) . The induction of sigX in cells (strain MBS11) harbouring DyfnI, on the other hand, has nothing to do with lipid composition since the cells showed no significant alteration in lipid composition (Table 4) .
Stresses induced in cells with defects in LTA synthesis
The increased sigM mRNA level in DltaS cells is evidently ascribable to a cell envelope stress caused by the lack of LTA molecules that are synthesized by LtaS. In addition, the reduced DGDG content in the membrane of DltaS cells (described above; Table 4 ) is a probable cause for the activation, as the sigM promoter was significantly activated in ugtP cells lacking GL (Fig. 2d) . In DltaS cells the increased unusual LTA, in which the DGDG anchor is probably replaced by DG, conceivably also by PG, is secreted easily into the medium, as described for ugtP cells of S. aureus (Kiriukhin et al., 2001 ). This straight explanation may not apply here since sigX and sigV were Table 4 . Lipid composition of the wild-type and the cells with defects in LTA synthesis
The strains used are listed in Table 1 . Data shown are mean±SD values from three different cultures. The data (mol%) over threefold and less than 1/3 than those of the wild-type are highlighted in bold type and underlining as significantly different. Lipid abbreviations are as given in the legend to Fig. 1 . also induced in the ugtP cells though sigM alone was in DltaS cells, suggesting that structural changes causing the stresses in the two mutant cells were different. SigM is activated in response to high salt, cell wall antibiotics, ethanol, heat, acid and superoxide stresses (Thackray & Moir, 2003; Asai et al., 2005; Luo & Helmann, 2012) . The defect in LTA on the cell envelope of DltaS strains may thus cause a structural change that mimics the circumstances of cells under one of the stress conditions listed above.
The increased sigX mRNA level in DyfnI cells without increase of other ECF sigma factors may be ascribable to changes in the cell envelope, since s X is induced by inhibitors of peptidoglycan and wall teichoic acid biosynthesis, e.g. tunicamycin (Helmann, 2002) , and since it serves to alter cell envelope properties to protect against cationic antimicrobial peptides (Cao & Helmann, 2004; Murray & Stanley-Wall, 2010) . This indicates that this sigma factor is induced not simply by the reduction of the total content of LTA or of the net negative charge on the cell envelope brought about by the null alleles, and leads us to infer that the products of LTA produced by LtaS and YfnI have different structural and physiological roles on the cell envelope. It has been reported that the polymers produced by YfnI in the absence of LtaS have 50-60 % longer glycerophosphate chains on average, than those produced by LtaS, with no statistically significant difference in D-Ala substitutions (this analysis was performed in S. aureus cells; Wörmann et al., 2011) . Our result, the increased activation level of different ECF sigma factors in the two null mutant strains, DltaS and DyfnI, suggests that the LTA products have significant structural differences and independent physiological roles.
The increase of sigW and ylaC mRNA in cells with double null alleles (DltaS DyfnI), in addition to sigM and sigX, which were independently caused by DltaS and DyfnI, respectively (Fig. 3e) , is quite interesting. As the two enzymes are the major LTA polymerases in the exponential growth phase (Wörmann et al., 2011) and yqgS is active in the stationary phase (Schirner et al., 2009) , the double null cells should have drastically reduced LTA content in the exponential growth phase. Thus, the cause for the increased levels of sigW and ylaC mRNA is the drastic reduction of LTA on the cell envelope of the double null cells. The sigW operon is induced by salt, alkali, antibiotics inhibiting cell wall biosynthesis, including vancomycin, and oxidative stress (Petersohn et al., 2001; Helmann, 2002; Cao et al., 2002; Asai et al., 2005; Butcher & Helmann, 2006) . It has been suggested that under alkali stress conditions (a shift to pH 8.9) the growth-limiting factor is the inability of cells to synthesize cell wall, in other words, interference with functions outside the cytoplasmic membrane, as the enzymes involved in cell wall synthesis would presumably be inhibited at high pH (Helmann, 2002) . Our results indicate that drastic LTA reduction caused by double null Fig. 4 . Effect of disruption of ltaS homologues on the expression of the remaining ltaS homologues. Strains are 168 derivatives with null allele of ltaS (a), yfnI (b), yqgS (c), yvgJ (d), double null alleles (DltaS DyfnI) (e) and triple null alleles (DltaS DyfnI DyqgS) (f). Cells were cultivated in LB medium to late exponential growth phase and subjected to real-time RT-PCR analysis for mRNA of the remaining ltaS homologues in the respective mutant cells as described in the legend to Fig. 3 . Mean values±SD, obtained from eight PCR assays of two independent cDNA preparations, of the level of each ltaS homologue mRNA in null mutant cells relative to those of wild-type 168 cells are presented. Each level of ltaS homologue mRNA normalized to that of sigA is shown in Table S2 .
alleles may inflict functional disorder in cell wall synthesis or the cell walls may have an altered structure that mimics it.
The increase of sigV and sigY mRNA in cells with quadruple null alleles (DltaS DyfnI DyqgS DyvgJ), in addition to the four ECF sigma factors induced in the double and triple null mutant cells (Fig. 3g) , is another remarkable example of LTA deficiency causing ECF sigma factor induction. In the double null mutant (DltaS DyfnI), the transcription level in the exponential growth phase of the yqgS gene is a few times higher than in wild-type cells, as described in the next section (see Fig. 4e) , therefore a residual level of LTA is expected to be synthesized by the increased YqgS in compensation for the lack of LtaS and YfnI. YvgJ functions solely as an LTA primase. The quadruple mutant cells lack LTA completely, as shown by Wörmann et al. (2011) . This complete lack of LTA is responsible for the activation of sigV and sigY. The activation of sigV is strongly and specifically induced by lysozyme but not by other cell-wall-damaging agents, like vancomycin and tunicamycin (Ho et al., 2011; GuarigliaOropeza & Helmann, 2011) . Complete lack of LTA must largely affect the cell wall structure which is, in its presence, soaked deeply in the anionic matrix of the glycerol-1-phosphate polymer of LTA.
The activation of sigY is stimulated by nitrogen starvation, but the role of the genes under the sigY operon are not known, except for the anti-sigma genes yxlC and ybgB, and most of its gene products are hydrophobic proteins, suggestive of a role in transport or other membraneassociated functions (Cao et al., 2003; Tojo et al., 2003; Asai et al., 2005) . The induction of sigY in the quadruple null cells could, therefore, be a sign of another stress condition and future analysis of the function of the genes under s Y control would be a means to elucidate the stresses elicited in the quadruple null mutant.
Compensatory elevation of the mRNA level of ltaS homologues in cells with null alleles of the homologues
We examined the effect of disruption of some ltaS homologues on the expression of the remaining ltaS homologues. The RNA samples prepared from the mutant cells harbouring a null allele of each of the four homologues in late exponential growth were analysed for the expression level of the remaining homologues by realtime RT-PCR (Fig. 4) . In DltaS cells the mRNA level of yfnI was increased while those of yqgS and yvgJ were not (Fig. 4a) . The elevated expression of yfnI mRNA is consistent with the observed activation of sigM in DltaS cells (Fig. 3a) , since yfnI is regulated by s M (Jervis et al., 2007; Eiamphungporn and Helmann, 2008) . Consistent with this notion, disruption of sigM by introduction of Fig. 5 . Effect of disruption of sigM or sigX on the expression of ltaS homologues. Strains are 168 derivatives with disruption of sigM : : cat (a), sigX : : cat (b), double disruptions (DyfnI sigX : : cat) (c) and triple disruptions (DltaS DyfnI sigX : : cat) (d). Cells were cultivated in LB medium to late exponential growth phase and subjected to real-time RT-PCR analysis for mRNAs of the remaining ltaS homologues (and sigX : : cat) in the respective mutant cells as described in the legend to Fig. 3 . Mean values±SD, obtained from eight PCR assays of two independent cDNA preparations, of the level of each ltaS homologue mRNA in null mutant cells with sigM or sigX disruption relative to those of wild-type 168 cells are presented. Each level of ltaS homologue and sigX mRNA normalized to that of sigA is shown in Table S3. sigM : : cat did indeed bring down the level of yfnI mRNA (Fig. 5a) . The increased chain length of the LTA produced by YfnI in the absence of LtaS (Wörmann et al., 2011) may have its explanation, in part, in the elevation of yfnI mRNA in DltaS mutant cells. In DyfnI cells the mRNA level of yqgS and yvgJ were increased but that of ltaS was not (Fig. 4b) . In both DyqgS and DyvgJ mutant cells, little change in the mRNA levels of the remaining three homologue genes were observed (Fig. 4c, d) .
The results for cells with a single null allele indicate that the lack of the major LTA synthase caused a compensatory induction of another LTA synthase(s) but that the lack of YqgS, which works during sporulation phase, and of YvgJ, which functions as a primase, caused no such induction of other LTA synthases. In DltaS DyfnI double null cells, yqgS and yvgJ mRNA levels were much higher than in DyfnI cells (Fig. 4e) . However, introduction of the DyqgS allele into the double null strain does not raise the level of yvgJ mRNA in the resulting triple null cells at all (Fig. 4f) . The lack of elevation of yvgJ mRNA level in the triple null cells seems reasonable, since an increase of YvgJ primase alone has little significance for the synthesis of the polymer.
The involvement of s M in the elevation of yfnI mRNA in DltaS cells reminds us that the elevated levels of yqgS and yvgJ mRNA in DyfnI cells (Fig. 4b) might have a correlation with the induction of sigX in DyfnI cells (Fig. 3b) . Assuming that the expression of yqgS and yvgJ is regulated by s X , the effect of sigX disruption on the expression of these genes was examined (Fig. 5b-d) . No change in the expression level of the homologues was observed in sigXdisrupted cells. However, in double mutant cells with DyfnI and sigX : : cat (MHB301) and in triple mutant cells with DltaS, DyfnI and sigX : : cat (MHB302), an appreciable decrease in yqgS and yvgJ mRNA levels was observed (Fig.  5 ), in contrast with the increased levels of yqgS and yvgJ in the cells with DyfnI sigX + (Fig. 4b) . The results suggest that the transcription of yqgS and yvgJ is regulated by s X in cells with DyfnI, whereas their transcription is not affected by s X in cells with intact YfnI.
Conclusion
Among the four homologue genes for LTA synthesis, only ltaS fully complements depleted ltaS in S. aureus and produces LTA (Gründling & Schneewind, 2007b) . B. subtilis cells with null ltaS have altered susceptibility to divalent cations and show cell shape malformation (Schirner et al., 2009 ) and a reduced growth rate (Schirner et al., 2009; Fig. S1) . LtaS is thus considered the main 'housekeeping' enzyme in B. subtilis cells (Sutcliffe, 2011; Wörmann et al., 2011) . On the other hand, YfnI is considered a 'stress' enzyme, since yfnI is a part of the regulon of s M (Jervis et al., 2007; Eiamphungporn & Helmann, 2008) and the enzyme synthesizes a longer form of LTA when LtaS is absent (Sutcliffe, 2011; Wörmann et al., 2011) . Transcription of yqgS is activated at late exponential growth phase (this paper), though it is reported to be involved in sporulation (Schirner et al., 2009) . YvgJ is a primase (Wörmann et al., 2011) .
We have found that the ECF sigma factors are activated in distinct and specific patterns depending on which single allele or subset of alleles of the ltaS homologues are deleted (Fig. 3) , thus indicating that the four LTA synthases, except the primase YvgJ, and their LTA products play distinct physiological roles in maintaining the function of LTA on the cell envelope.
In addition, in cells with single and double null alleles of the homologues, a compensatory induction of the remaining LTA synthase(s) was observed (Fig. 4) . We corroborated that in DltaS cells, yfnI mRNA induction is upregulated by s M . In DyfnI cells, the transcription of yqgS and yvgJ is induced by s X , which is activated in the DyfnI cells, suggesting that YqgS and YvgJ are 'stress' LTA enzymes, in addition to the previously identified YfnI (Fig. 5) . Physiological roles of the four homologues in B. subtilis, where S. aureus depends on only one LTA synthase, have not yet been fully explained. This study demonstrates that the four homologues are regulated to ensure that a defect in some of the enzymes is complemented by the others via activation of specific ECF sigma factors in order to maintain the function of LTA on the B. subtilis cell envelope.
